In order to gain a better understanding of the reproductive cycles of male and female tench (Tinca tinca), gonadosomatic index, gonad histology and plasma concentrations of estradiol-17b (E 2 ), testosterone, androstenedione, 11-ketotestosterone (11-KT), 17,20b, 21-trihydroxy-4-pregnen-3-one (17,20b,21-P), 17,20b-dihydroxy-4-pregnen-3-one (17,20b-P) and 17,20a-dihydroxy-4-pregnen-3-one (17,20a-P) were measured at the four seasons of the year, plus a further sampling coincident with the peak of spawning in early July. As expected, in both males and females, the plasma concentrations of androgens (excluding 11-KT in females^undetectable) and C 21 steroids were signi¢cantly more elevated in the spring and summer (when most gonadal development took place) than in the autumn and winter. The only unexpected ¢nding was that 17,20b-P and 17,20b,21-P, the steroids that are normally associated with oocyte ¢nal maturation in females and spermiation in males, were found in substantial amounts in both pre-vitellogenic, pre-spermatogenic and post-spawning ¢sh. This suggests that these steroids may have other as yet unidenti¢ed roles in this species.
Introduction
The tench (Tinca tinca, L.) is a multispawning cyprinid widely distributed in Europe, where a growing interest in its culture has been generated in recent years (Pe¤ rez-Regadera & Velasco-Gemio 1995) . The annual changes in ovarian histology in tench populations from Eastern Europe have been extensively studied (Epler, Bierniarz & Horoszewicz 1981; Linhart & Billard 1995; Pimpicka & Koryzno 1995) . However, very few studies have been published concerning the reproductive endocrinology of the tench. These studies report the e¡ect of temperature on pituitary and plasma concentrations of gonadotropin (Breton, Horoszewicz, Bierniarz & Epler 1980) , annual changes in the plasma concentrations of estradiol-17b (E 2 ), testosterone, progesterone and oestrone in both males and females (Simontacchi, Ceccarelli, Lombardi & Minervini 1984 ) and E 2 in females (Martin, Rebollar, San Juan, Illera & Alvarin ì o 1999) . However, to our knowledge, there are no published data on the plasma concentrations of relevant teleost sex steroids such as 11-ketotestosterone (11-KT) and 17,20b-dihydroxy-4-pregnen-3-one (17,20b-P) .
Teleost oogenesis has been well described (Scott 1987; Tyler & Sumpter 1996) , and consists of primary oocyte growth that is independent of reproductive hormones, and secondary oocyte growth (vitellogenin accumulation) that is dependent on pituitary gonadotropins. Gonadotropin I stimulates the production of E 2 and testosterone by the follicular cells that surround the secondary oocytes (Pankhurst & Carragher 1991) , and then the E 2 stimulates vitellogenin synthesis by the liver (Wallace 1985) . Testosterone stimulates the build-up of gonadotropin II in the pituitary (Crim, Peter & Billard 1981; Antonopoulou, Mayer, Borg, Swanson, Murza & Christoforov 1999) . This hormone is released in a surge just before spawning and induces the release of C 21 steroids by Aquaculture Research, 2003 r 2003 Blackwell Publishing Ltdthe follicular cells surrounding the secondary oocytes (Swanson 1991) . Two of these steroids, 17,20b-P (Scott & Canario 1987) and 17,20b,21-trihydroxy-4-pregnen-3-one (17,20b,21-P) (Trant & Thomas 1989) , are key hormones in triggering oocyte ¢nal maturation in teleosts.
Androgens in teleost ¢shes have been reviewed by Borg (1994) . During spermatogenesis in most male teleosts, there is an increase in plasma testosterone and11-KT, which play key regulatory roles as testicular mediators of gonadotropin-induced spermatogenesis and secondary sexual characteristics. At the end of spermatogenesis, in many but not all teleosts, there is a surge in the plasma concentrations of the same maturation-inducing steroids (MISs) that are found in females (Baynes & Scott 1985) . These steroids are believed to be involved in the control of testicular hydration and sperm motility (Miura, Kasugai, Nagahama & Yamauchi 1995) .
To date, seasonal changes in testicular histology and gonadal steroids in male tench are unknown. This lack of available information on the reproductive endocrinology in a species of increasingly applied interest prompted us to undertake the present study. We investigate the seasonal changes in the gonadal histology and plasma concentrations of a variety of gonadal steroids in both sexes. In addition to the classical hormones, E 2 , testosterone, 11-KT, and the C 21 steroids (17,20b-P and17,20b,21-P), we also examine androstenedione (another potential androgen) and 17,20a-dihydroxy-4-pregnen-3-one (17,20a-P).
Material and methods

Fish
Sexually mature tench (Tinca tinca, L.) were supplied by 'Ipescon'and 'Centro Regional de Acuicultura. Piscifactor|¤ a Las Vegas del Guadiana'. Fish (females, 108.972.9 g; males, 94.972.4 g body weight) were captured during the four seasons of the year (spring, summer, autumn and winter) and at the beginning of July (coincident with the peak of the spawning season). The photoperiod and maximum^minimum mean water temperature for each sampling time were as follows: winter (February, 11L:13D, 10.20 .5 1C), spring (May, 14.5L:9.5D, 20.1^6.7 1C), summer (13.5L:10.5D, 29.3^12.7 1C in July and 28.5^12.1 1C in August) and autumn (November, 10L:14D, 12.02 .0 1C). Because of di⁄culties in sampling directly from the stock tanks, the tench used in this study were transferred to 5-m 3 tanks with a continuous ¢ltered freshwater supply under natural environmental conditions before being sampled 3 weeks later. Food consisted of a commercial pellet diet supplemented with rotifers and daphnia, except during winter when the ¢sh do not normally feed. For sampling, tench were weighed and measured, a blood sample was withdrawn by cardiac puncture into a heparinized syringe, and plasma was stored at À 20 1C until the assays were carried out. The gonads were removed, weighed and the gonadosomatic index was calculated (GSI: gonad weight/body weight Â100).
Histology
The ovaries were ¢xed in Bouin's solution, embedded in para⁄n, and 4-mm sections were stained with Gomori's trichrome and examined using light microscopy. The oocyte maturation stages were estimated according to Pimpicka (1990) . Thus, primary oocytes (i.e. those without any signs of cortical alveoli or yolk formation) are divided into two types: B1 and B2. Type B1 is a freshly formed oocyte with only a small amount of cytoplasm. Type B2 is larger and contains a larger amount of clear cytoplasm. The oocytes showing cortical alveoli formation are also divided into two types: C (with one row of vacuoles) and D (with two rows of vacuoles). The oocytes containing yolk were classi¢ed as type E. The number of di¡erent types of oocytes in the ovaries was estimated using a stereological method (Emerson,Walker & Witthames 1990) , and the oocyte diameters were measured with the aid of an image analysis system attached to the microscope. Oocytes were only measured if the nucleus was present in the cross-section. The mean of the longest and shortest axes was taken.
Testes were ¢xed in Bouin's solution, embedded in para⁄n, and 5-mm sections were stained with haematoxylin and eosin and examined using light microscopy. The testes were classi¢ed into ¢ve stages of development: stage I^tubules contain spermatogonia and cysts of primary spermatocytes; stage II^spermatogenesis is very active and there are cysts containing all stages of secondary spermatocytes and spermatids (but no spermatozoa in the lumen); stage III^similar to stage II, but spermatozoa appear in the lumen; stage IV^tubules are full of spermatozoa and secondary spermatocytes are absent; stage V the walls of the tubules mostly consist of spermatogonia and cysts of primary spermatocytes, but congealed spermatozoa are still present in the lumen.
Gonadal steroid determination
The circulating steroid concentrations were determinedusing radioimmunoassay (RIA) after extraction as previously described (Scott, MacKenzie & Stacey 1984; Moore, Scott & Collins 2000) . Brie£y, free steroids were extracted from 100-mL plasma by shaking with 4 mL of diethyl ether. After freezing the aqueous phase in liquid nitrogen, the organic phase was poured into a separate tube, and evaporated to dryness in a fume cupboard at 45 1C. The dried extracts were solubilized in 1-mL assay bu¡er (0.05 M sodium phosphate bu¡er, pH 7.6, containing 0.1% bovine serum albumin and 0.01% sodium azide). Duplicate aliquots (50 mL) were assayed in the speci¢c RIAs. In all the assays, the standard concentrations ranged from 500 to 4 pg per tube.The plasma extracts were assayed for E 2 , testosterone, 11-KT, androstenedione, 17,20a-P, 17,20b-P and 17,20b,21-P. The speci¢city of the antibodies and more detailed information on the RIAs can be found in Scott et al. (1984) and Moore et al. (2000) .
Statistics
Data were normalized using logarithmic transformation before analysis. An analysis of variance (ANOVA) was applied using the Statistical Analysis System (SAS). Di¡erences between seasons were tested using theTukey's test for multigroup comparisons. The data were expressed as mean7SEM. A probability level of Po0.05 was considered to be statistically signi¢cant.
Results
Pronounced seasonal di¡erences were found in GSI (Table 1) . In both sexes, the GSI increased signi¢-cantly in spring^reaching its maximum value in July, when spawning took place. The GSI declined signi¢cantly after spawning and remained unchanged throughout autumn and winter.
Sections of ovary showed that primary oocytes (B 1 and B 2 ) were found in gonads at all seasons of the year. Fig. 1 shows the changes in the numbers of secondary oocytes (upper graph) and in the oocyte diameter (lower graph) in the ovary of the tench throughout the year. After spawning, in August, the number of E stage oocytes was markedly lower than that in July. Those that were present showed signs of degeneration. The numbers of C stage oocytes had not changed and there were no D stage oocytes. Moving into autumn, the number of C stage oocytes had signi¢cantly increased and D stage oocytes had reappeared. The latter increased signi¢cantly in winter. The number of C and D stage oocytes was the same in spring and winter. The numbers of both had fallen signi¢cantly by July, concomitant with the appearance of yolky oocytes. Although major changes occurred in the numbers of stage C and D oocytes throughout the year, their average diameters (around190 and 290 mm respectively) did not change signi¢cantly.
The seasonal pro¢le of E 2 , testosterone and androstenedione concentrations in the plasma of female tench is shown in Fig. 2 . All these steroids exhibited signi¢cant variations throughout the year, with the highest values in spring^summer and the lowest during autumn^winter. The plasma E 2 concentrations in female tench were below the sensitivity limit of the assay (0.4 ng mL À 1 ) at three of the sampling times (winter, autumn and the beginning of July). The testosterone concentration was slightly higher than E 2 throughout the year, and showed a gradual rise during spring and summer and a signi¢-cant fall after spawning. A pronounced annual pattern was also shown by androstenedione, reaching a peak in fully mature ¢sh. 11-KT was undetectable in any of the blood samples from female tench. All the three C 21 steroids (17,20b-P, 17,20a-P and 17,20b,21-P) were measurable in the female plasma throughout the year (Fig. 3) . A progressive and significant increase was observed from winter to spawning time. The most dramatic peak occurred in the concentrations of 17,20b-P (around six-fold). A signi¢-cant decline was observed in all the C 21 steroids during autumn and winter.
The testes of all the ¢sh sampled in winter and autumn were at stage I of development (i.e. spermatogonia and cysts of primary spermatocytes; Fig. 4) . By spring, this had changed to 60% stage II (advanced spermatogenesis) and 40% stage III (appearance of spermatozoa in the lumen). By early summer, this had shifted to a mixture of stages III^V, and by mid-summer there were stage V testes only, in which scant numbers of spermatozoa (which were probably being reabsorbed) could be observed in the lumen.
The annual pro¢les of 11-KT, testosterone and androstenedione in the plasma of male tench are shown in Fig. 5 . The 11-KT was below the detection limit of the assay (0.4 ng mL À 1 ) in winter and autumn. In spring, it rose to 4.8 ng mL
, was signi¢cantly lower in July (2.1ng mL
) and rose again in August. The mean testosterone concentrations were signi¢cantly higher during spring and summer than in winter and autumn. Androstenedione exhibited a seasonal pattern similar to testosterone, but its concentration in male plasma was approximately three times higher.
The concentrations of 17,20b-P and 17,20a-P had a similar seasonal pattern (Fig. 6 ). They were very low or undetectable in the winter, increased signi¢cantly in the spring and early summer, and reached the highest values in August. No signi¢cant di¡erences were found in 17,20b,21-P plasma concentrations from tench captured in July and August. 
Discussion
This paper provides new data on the seasonal reproductive cycle in a tench population from the southwest of Europe, studying the di¡erent stages of gonadal development and the changes in the concentration of several gonadal steroids that have not been previously characterized in this cyprinid. The pronounced seasonal changes in GSI are well correlated with the seasonal pattern in metabolic resources. During the cold months, tench accumulate reserves that are then used for later gonadal development (Guijarro, Lopez- In female tench bred in central Europe, the spawning season is in summer, and a period of sexual quiescence occurs after spawning until the following spring (Breton et al. 1980) . The tench population in the present study (from the south-west of Europe) also spawn at the beginning of summer, but the recruitment of a high proportion of the next generation of oocytes (stages C and D) appears to occur during autumn and winter.
The spring E 2 concentrations found in the present work are similar to those measured in female tench in a recent study also under natural conditions in spring (Martin et al. 1999) , but are signi¢cantly higher than those in earlier studies (o0.1ng mL À 1 ; Simontacchi et al. 1984) . This discrepancy could be due to di¡ering environmental conditions, as Martin et al. (1999) showed that E 2 concentrations in female tench exhibited a three-fold increase with temperature and light stimulation. The presence of E 2 in the plasma of tench in the spring coincides, as expected, with the vitellogenic period.
Testosterone and androstenedione are common constituents in the plasma from female teleosts, with concentrations often exceeding those found in males (Borg 1994) . Both steroids exhibit a very similar seasonal pattern of secretion, although the peak of androstenedione during spawning is much more pronounced (three-fold increase). Androstenedione could contribute to stimulate the build-up of gonadotropin II in the pituitary, as has been reported for testosterone (Crim et al.1981; Antonopoulou et al.1999) . Recently, androstenedione has also been shown to function as a pheromone in Carassius auratus (Poling, Fraser & Sorensen 2001) .
In the majority of teleosts that have been studied, spawning is associated with elevated plasma concentrations of 17,20b-P and/or 17,20b,21-P (Scott & Canario1987) , which trigger oocyte ¢nal maturation. 17,20b-P is the most common 'MIS' (Scott & Canario 1987) , but 17,20b,21-P is equally potent with 17,20b-P in bringing about in vitro oocyte ¢nal maturation in species such as North Sea plaice (Canario & Scott 1990) , rainbow trout Salmo gairdneri (Canario & Scott 1988) and Atlantic croaker Micropogonias undulatus (Trant & Thomas 1989) . In common with gold¢sh (Scott & Sorensen 1994) and walking cat¢sh Clarias batrachus (Zairin, Asahina, Furukawa & Aida 1992) , female tench have both variants of the teleost MIS in their plasma. However, in the present study, a most striking observation was that the presence of neither steroid was associated exclusively with the time of spawning. In fact, the concentrations of both steroids were highest after spawning, when most ovaries contained only primary oocytes. Circulating concentrations were also signi¢cantly elevated in the spring, when the ¢sh had not even started to produce any vitellogenic oocytes. This is clearly not the expected pattern for an MIS. Similar results are reported in the European roach (Rutilus rutilus), in which females not yet ready for spawning (some of them without any signs of vitellogenic oocytes) release substantial amounts of 17,20b-P into the water (Lower, Scott & Moore 2000) .This suggests that, at least in some species, the role of 17,20b-P may not be restricted to the induction of oocyte ¢nal maturation. Another possible explanation for the high concentrations of sex steroids in post-spawning female tench is provided by research on rainbow trout. This research shows a surge in gonadotrophin and 17,20b-P concentrations, which continues for up to 6 weeks beyond the time of ovulation (Scott, Sumpter & Hardiman 1983) . The prolongation of this surge in trout is enhanced if ovulated eggs are allowed to Figure 6 Seasonal changes in the plasma concentrations of 17,20b-P, 17,20a-P and 17,20b,21-P in male tench. The arrow indicates the time of peak spawning. Data are expressed as mean7SEM. Di¡erent letters indicate statistically signi¢cant di¡erences among seasons. remain within the body cavity (Breton, Govoroun & Mikolajczyk 1998) .
The other C 21 steroid,17,20a-P, a steroid commonly found in some cyprinid ¢sh (Ebrahimi, Scott & Kime 1996) , is also present in the plasma of the tench, and exhibits a similar seasonal pattern to the other C 21 steroids. However, the physiological function of this steroid is unknown to date.
From our results, it can be concluded that the ovarian development in the tench populations from the south-west of Europe is asynchronous, i.e. oocytes at di¡erent stages of development can be found simultaneously in the ovary, as previously reported in this species (Breton et al. 1980) . Moreover, the measurement of stage E oocytes in tench captured in July is within a very narrow range (700^800-mm diameter). This asynchronic development di¡ers from the one found in the mackerel Scomber scombrus L. and Dover sole Solea solea L., where a wide range in the diameters of vitellogenic oocytes is observed (Emerson et al. 1990 ). In the present study, the three-fold di¡er-ence between the number of stage E oocytes in the early summer and the number of stage D oocytes in the spring suggests that each female tench possibly produces up to three batches of eggs. Then, if they do so, they must wait to spawn one batch of eggs before recruiting another into vitellogenesis. This is probable, as it has been reported that female tench from central Europe spawn at intervals of 15^22 days during the course of the spawning season (Linhart & Billard 1995) . This is probably su⁄cient time for a stage D oocyte to grow into a fully mature stage E oocyte.
The seasonal pattern of spermatogenesis and androgen concentrations matches previously described reproductive cycles for most teleost species (Borg 1994) . The peak concentrations of 11-KT in the blood of male tench are low compared with previous studies in teleosts. Nevertheless, a broad range in 11-KT plasma levels can be found, depending on the species (from 1.6 ng mL À 1 in Ictalurus nebulosus (Burke, Leatherland & Sumpter 1984) to 450 ng mL À 1 in
Clarias macrocephalus (Tan-Fermin, Miura, Ueda, Adachi & Yamauchi 1997)). We cannot discard the possible occurrence of another peak of 11-KT between sample times, but the relatively small GSI in the male tench justify such low hormone concentrations. During July, when the spawning took place, we observed an augmentation in the plasma concentration of the same C 21 steroids as found in the females. They are possibly involved in the control of spermiation in the tench. Nevertheless, the fact that they remain elevated in post-spawning males (in August), as occurred in females, suggests that these C 21 steroids are probably involved in other processes besides spawning. Based on studies on other cyprinids (Stacey, Sorensen, Dulka, Cardwell & Irvine 1991), their role as pheromones seems probable, but has yet to be established.
